Renal fibrosis is a hallmark of chronic kidney disease (CKD) caused by an imbalance between formation and degradation of extracellular matrix proteins. We investigated the collagen turnover profile of 81 non-dialysis CKD stage 2-5 patients by measuring peptides reflecting formation and degradation of collagen type (COL) I, III, IV, and VI. Based on the collagen turnover profile, we identified four clusters of patients. Cluster 1 contained one patient with prostate cancer, who had a distinct collagen turnover. The other clusters generally had severe (Cluster 2), moderate (Cluster 4), or mild CKD (Cluster 3). Cluster 4 patients were characterized by higher levels of COL III, COL IV, and COL VI (all p < 0.001) degradation fragments in plasma, while patients in Clusters 2 and 4 had higher levels of COL VI formation (p < 0.05). COL IV fragments in plasma were lower in Cluster 2 (p < 0.01). Urinary COL III fragments decreased from Cluster 3 to 4, and from Cluster 4 to 2 (both p < 0.001). We show that patients with similar kidney function have a different collagen remodeling profile, suggesting that different phenotypes exist with different disease activity and potentially disease progression. Biomarkers of collagen remodeling could provide additional information to traditional markers of renal function. and C4Ma3 18 ); markers for COL III formation (PRO-C3 19-21 ) and degradation mediated by ADAMTS-4 (C3A), cathepsins B, L, S and K (C3C 22 ) and MMP-9 (C3M 23-25 ); markers reflecting COL I formation (PRO-C1 26 ) and MMP-2, 9, and 13-mediated degradation (C1M 27 ).
Chronic kidney disease (CKD) may be caused by different etiologies and the prevalence in the adult population is estimated to be between 8-16% [1] [2] [3] . CKD is characterized by a progressive reduction of glomerular filtration rate (GFR). The loss in GFR is mainly due to the destruction of the functional filtration surface area, a process driven by renal fibrosis [4] [5] [6] . Various studies have shown that an increased collagen deposition in the interstitial matrix and glomerular basement membrane is found in CKD [7] [8] [9] . However, in humans it is unknown whether increased formation and reduced degradation promotes these changes, because of the lack of adequate tools to distinguish these processes.
Biomarkers reflecting structural changes in the renal extracellular matrix (ECM) may reflect disease activity and could be useful tools in the development of drugs that inhibit or delay the progression of fibrosis. Such biomarkers could be used: (i) to reflect changes to the tissue due to a specific treatment, (ii) as surrogate endpoints in clinical trials, and (iii) to enrich clinical trials for patients with a high disease activity (i.e. fast progressors), that are more likely to encounter a clinically relevant outcome in the time of the trial and benefit the most from the treatment 10 .
The most abundant collagens in the interstitial matrix of the kidney are collagen type I (COL I) and III (COL III), while collagen type IV (COL IV) is the main component of the glomerular basement membrane 10 . Recent discoveries on the up-regulation of collagen type VI (COL VI) in renal fibrosis have promoted interest in this collagen, which is found in the interface between the interstitial matrix and basement membrane 11 . In renal fibrosis, these collagens are upregulated and the activity of the proteases responsible for their remodeling is altered 9, 10, 12, 13 . Biomarkers of collagen remodeling could be used to delineate the pathological alterations to the ECM during CKD progression, thereby increasing our understanding of CKD. We measured biomarkers of collagen turnover to investigate the hypothesis that different profiles of ECM remodeling could differentiate CKD patients regardless of their kidney function.
We measured: a fragment of COL VI released during deposition in the ECM (PRO-C6 14, 15 ) and a marker of MMP-2 mediated COL VI degradation (C6M 13 ); markers reflecting COL IV turnover (PRO-C4 16,17 , C4M 18 Cluster-generation based on collagen turnover profile. Despite the underlying etiology, all patients with chronic kidney disease develop interstitial fibrosis [4] [5] [6] . To assess the turnover of collagens in the renal ECM we quantified fragments of collagens reflecting both degradation, deposition, and formation ( Table 2) .
Clusters were generated based on fragments of collagen turnover found both in plasma and urine. In the principal component analysis, the number of dimensions that best determined the overall variance in the cohort was 6 dimensions ( Fig. 1A) . We then depicted the relative contribution of each of the measured collagen biomarkers in the 6 dimensions ( Fig. 1B ). If two biomarkers are found in the same dimension (i.e. on the same vector), this means that they have the same direction in space and are thus to some extent correlated. Dimension 1 predominantly contained plasma markers of COL III degradation mediated by cathepsins (P-C3C) and MMP-9 (P-C3M), and COL IV degradation (P-PRO-C4, P-C4M and P-C4Ma3). Dimension 2 primarily contained urinary markers of COL I degradation (U-C1M), cathepsin mediated COL III degradation (U-C3C), COL IV degradation (U-C4M), and COL III formation (U-PRO-C3). Dimension 3 contained the urinary markers of COL III generated by MMP-9 (U-C3M and U-sauC3M), the plasma and urinary markers of COL VI formation (P-PRO-C6, U-PRO-C6), and the urinary COL IV degradation marker (U-C4M). Dimension 4 mainly contained formation markers of COL I (P-PRO-C1) and COL III (P-PRO-C3) in plasma. Dimension 5 contained the degradation marker of COL I in plasma (P-C1M), and the marker of COL III degradation generated by ADAMTS-4 (P-C3A). Lastly, dimension 6 mainly contained the plasma fragment of COL I formation (P-PRO-C1).
Based on the collagen biomarkers, unbiased clustering analysis revealed 4 clusters of patients (Fig. 1C ). As Cluster 1 contained only one patient, we looked into the medical records of the patient and found that the patient was diagnosed with prostate cancer. This, together with the overt nephropathy and advanced CKD (Table 3) , may explain the marked difference in fragments of collagen turnover of this patient (Fig. 1D ). The patient in Cluster 1 had markedly higher level of markers of urinary COL I (U-C1M), COL III (U-C3M and U-C3C), and COL IV (U-C4M) degradation, and COL III (U-PRO-C3) and COL VI (U-PRO-C6) formation. To look at biomarkers of collagen turnover in Clusters 2-4, we did a heatmap excluding Cluster 1 (Fig. 1E ). We investigated whether the different clusters presented differences in terms of clinical variables (Table 3 and Fig. 1F ). There were less diabetic patients in Cluster 3 compared to the other groups (p = 0.007). Diastolic blood pressure was slightly higher in Cluster 3 than in Cluster 4 (p = 0.02). We found that Cluster 3 had significantly higher eGFR than all other clusters (p < 0.0001). Moreover, Cluster 4 had significantly higher eGFR than Cluster 2 (p = 0.04). Cluster 3 had significantly lower UACR than Cluster 2 (p = 0.002). Cluster 2 had significantly lower levels of hemoglobin than patients in the other clusters (p = 0.0007). Based on eGFR, UACR, and hemoglobin, the identified clusters contained patients with apparently mild CKD (Cluster 3), moderate CKD (Cluster 4), and advanced CKD (Cluster 2). Cluster 3 contained patients with high eGFR, low UACR, and normal hemoglobin levels; Cluster 4 contained patients with moderately reduced eGFR, moderately increased UACR, and normal hemoglobin levels; and Cluster 2 contained patients with low eGFR, high UACR, and low hemoglobin levels.
Generation of Clusters 2, 3, and 4 seemed to be mainly driven by fragments of collagens found in plasma ( Fig. 1E ). No differences in markers of COL I turnover were seen between the clusters ( Fig. 2A ). Urinary levels of COL III degradation markers (U-C3M and U-sauC3M) were lower in Cluster 4 than in Cluster 3 (both p < 0.001; Fig. 2B ) and were even lower in Cluster 2 (both p < 0.0001; Fig. 2B ). In plasma, markers of COL III degradation (P-C3M and P-C3C) were higher in Cluster 4 than both Clusters 2 and 3 (all p < 0.001). The marker of COL III formation (P-PRO-C3) was significantly higher in Cluster 4 than in Cluster 3 (p = 0.02). In plasma, the degradation marker of the α1 chain of COL IV (P-C4M) was elevated in Cluster 4 compared to Clusters 2 and 3 (both p < 0.001), but no differences in the level of the urinary COL IV degradation marker (U-C4M) were seen (Fig. 2C ). The degradation marker of the α3 chain of COL IV (P-C4Ma3) was significantly higher in Cluster 4 compared to Clusters 2 and 3 (both p < 0.0001) and was also higher in Cluster 3 compared to Cluster 2 (p < 0.05; Fig. 2C ). The marker of COL IV degradation in plasma (P-PRO-C4) was significantly higher in Clusters 3 and 4 compared to Cluster 2 (both p < 0.01; Fig. 2C ). The COL VI degradation marker in plasma (P-C6M) was significantly higher in Cluster 4 compared to both Cluster 2 and 3 (both p < 0.0001; Fig. 2D ). The marker of COL VI formation in both plasma (P-PRO-C6) and urine (U-PRO-C6) was significantly lower in Cluster 3 compared to Cluster 2 and 4 (all p < 0.05; Fig. 2D ). Moreover, the urinary marker of COL VI formation (U-PRO-C6) was significantly higher in Cluster 2 than in Cluster 4 (p < 0.05; Fig. 2D ).
The balance between degradation and formation of collagens was investigated by calculating the ratio between fragments of formation and degradation for COL I, III, and VI where biomarker values were available in the same sample matrix (Fig. 3 ). The patient in Cluster 1 was excluded from the analysis. As P-PRO-C4 is likely to reflect degradation, rather than formation, we did not perform the ratio between this biomarker and P-C4M and P-C4Ma3. No difference in P-PRO-C1/P-C1M ( Plasma (P-C1M) Urine (U-C1M) 27 
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Internal epitope in the 7S domain of type IV collagen Plasma (P-PRO-C4) 16, 17 . 3H ). Furthermore, we investigated whether the collagen turnover biomarkers were significantly different between patients stratified by CKD stage (Supplementary Table 1 ). We found that some of the biomarkers were significantly different in patients stratified by CKD stages; U-C3M, U-sauC3M, and P-PRO-C4 declined (all p < 0.01), and U-PRO-C3, P-PRO-C6, and U-PRO-C6 increased with CKD stage (all p < 0.05).
Figure 1.
Cluster generation based on collagen turnover. The biomarker values were log-transformed in order to give similar weights by reducing the influence of extreme values or outliers (i.e. reducing absolute variation) and to linearize relationships between variables. To remove features with low variance and to generate a more robust clustering in subsequent steps, we applied principle component analysis on the log-transformed biomarker values. (A) We selected 6 dimensions for subsequent analysis, as these 6 dimensions accounted for approximately 80% of the overall variance. (B) We then depicted the relative contribution of each of the measured collagen biomarkers in the 6 dimensions. (C) In an unbiased clustering analysis it was determined that 4 clusters was optimal. (D) The collagen biomarker abundance in the four clusters, in comparison to the overall population, was visualized with heatmaps. This was done by using the test statistics of the ANOVA, which allowed the measurement of the extremeness of the values on the same scale. (E) As Cluster 1 only contained 1 patient with prostate cancer, we removed this cluster to highlight differences in collagen turnover biomarkers of Clusters 2-4. (F) Characterization of the 3 predominant clusters (Cluster 2-4). Differences in clinical characteristics between clusters were visualized. Actual differences are presented in Table 3 .
Discussion
In the current study, previously described markers reflecting formation of COL I (PRO-C1 26 ), III (PRO-C3 [19] [20] [21] , and VI (PRO-C6 [28] [29] [30] [31] [32] ) and degradation products of COL I (C1M 27 ), III (C3A, C3C 22 , and C3M [23] [24] [25] ), IV (PRO-C4 16, 17 , C4M 18 and C4Ma3 18 ) and VI (C6M 33, 34 ) were applied to identify and characterize clusters of CKD patients with differences in turnover of the main collagens found in the renal ECM. We identified different collagen turnover profiles in patients with CKD, which may highlight a shift in collagen turnover with progression of disease. Interestingly, many of the degradation fragments that were significantly different between the identified clusters were not significantly different between patients stratified by CKD stage. The collagen markers may be used to increase the understanding of pathological collagen turnover during disease progression.
Collagens are the main structural component of the fibrotic tissue, and biomarkers of collagen formation and degradation may provide valuable insights on the state of the tissue. As an imbalance of collagen turnover favoring increased deposition of collagens and fibrosis progression are closely linked 35, 36 , biomarkers of collagen turnover may be able to identify patients with fast progression of CKD 9, 10 . In the current study the main collagen turnover clusters (Clusters 2-4) seemed to preferentially contain patients with mild CKD (Cluster 3), moderate CKD (Cluster 4), and advanced CKD (Cluster 2).
During deposition of COL VI in the matrix, a fragment of the α3 chain is released, and may thus be used as a measure for COL VI formation 14, 15, 28 . As PRO-C6 recognizes the released fragment, and PRO-C6 was significantly elevated in patients of Clusters 4 and 2 with moderate and advanced CKD, respectively, our present findings are in line with reports showing COL VI accumulation in fibrotic kidneys 37, 38 . Moreover, elevation of COL VI degradation (P-C6M 33, 34 ) was only observed in Cluster 4, and not in patients from Cluster 2 with advanced disease. When looking at the ratio of the P-PRO-C6 and P-C6M biomarkers as an indicator of COL VI turnover, we saw that only Cluster 2 had a significantly increased formation/degradation ratio. The increase of P-C6M in Cluster 4 may therefore be a compensatory mechanism to degrade accumulating COL VI. This may be indicative of a shift in COL VI turnover that favors a substantial increase in COL VI deposition with increasing disease severity. The decreased COL VI degradation may in part be due to reduced protease activity 12 and in part to an increased cross-linking of collagen fibers that render them resistant to proteolytic processes. It is increasingly accepted that collagens are not merely structural proteins, but rather active participants in tissue turnover through interaction with both their immediate surroundings and distant sites through the release of active fragments called matrikines 36, 39, 40 . Several experimental data indicate a pathophysiological relevance of COL VI for progressive kidney disease. During development of the kidney, COL VI is highly expressed, but seems to be replaced during organ maturation 41 . In a study by Nerlich and co-authors it was shown that COL VI was progressively upregulated from diffuse to nodular glomerulosclerosis in kidneys from patients with diabetes 37 . Valerie Groma showed a marked increase in COL VI staining in CKD patients with progressive fibrosis, and that these areas had a high presence of myofibroblasts 38 . COL VI is located in the interface between the interstitial matrix and the glomerular basement membrane where it controls the organization of the matrix and cell orientation 42, 43 . Findings by our group indicate that PRO-C6 in urine is independently associated with progression of CKD 30 , and levels in plasma were independently associated with mortality in CKD patients 29 . Moreover, we recently showed that levels of PRO-C6 in patients with type 1 and 2 diabetes were independently associated with all-cause mortality, cardiovascular events, and deterioration of kidney function, and added incremental predictive value to traditional risk factors for predicting these outcomes 31, 32 . The concomitant increase in both plasma and urinary PRO-C6 indicates that the accumulation in plasma is not merely due to a reduced filtration, as seen for other biomarkers, such as plasma creatinine. Collectively, this supports the involvement of COL VI in progressive CKD and supports our findings of increased PRO-C6 in clusters of patients with moderate to advanced CKD. Even though collagens are generally considered to provide tensile strength to tissue, the stiffness of the resulting collagen fibers differs. COL VI forms a characteristic and distinctive network of beaded microfilaments in the ECM where it amongst others facilitates correct cell-orientation, and organization of the ECM 11 . The importance of COL VI in the interface between the interstitial matrix and the basement membrane is seen in the lung where COL VI provides elasticity and mechanical support 44 . Absence of COL VI in mice led to an altered basement membrane structure, and a decrease in cell-ECM interactions, which affects pulmonary elasticity, and a reduced exercise tolerance 45 . COL VI deficiency leads to abnormal fibrillogenesis, with an accompanying decrease in functionality of the tissue and stiffness, indicating that COL VI contributes to the maintenance of the mechanical properties of the tissue 46 . Furthermore, COL VI directly binds to cell-surface receptors such as NG2, thereby activating the Akt-GSK-3β-β-catenin-TCF-LEF axis 47 , the phosphoinositide 3-kinase (PI3K) pathway 48 , and induces epithelial-mesenchymal transition 49 . A fragment released by COL VI upon deposition in the ECM, namely endotrophin, increased the cell proliferation and angiogenesis 49 . As PRO-C6 detects this fragment, levels of this biomarker may aid in selecting patients that are more likely to have an unfavorable outcome due to having ongoing processes of inflammation, fibrosis, and apoptosis. These patients may be more likely to respond to a given treatment. This may ultimately aid the physician, and clinical trials by enrichment for patients with active disease. The most abundant group of collagens in connective tissue are COL I and III. The presence of both COL I and III are believed to provide a tissue with high tensile strength, but also contribute, together with elastin, to the extensile properties of elastic arteries and the aorta 50, 51 . The tensile strength is partially achieved by cross-linking which does not only occur between the chains of one collagen type, but rather between collagens, such as seen for cross-links between COL I and III 52 . Interestingly, in experiments investigating the tensile strength of different ratios of COL I and III, it was shown that an increased ratio of COL III versus COL I in the tissue may soften the tissue -as compared to a tissue with predominantly COL I 53 . Also, it has been shown that COL IIII is markedly upregulated in tissues with ongoing wound-healing 54 . Previous studies focusing on histological alterations of the kidney during renal disease have shown that COL III increases in fibrotic kidneys 55 . In plasma, we observed an increase in COL III degradation fragments in patients with moderate disease (Cluster 4) compared to patients with mild (Cluster 3) and advanced CKD (Cluster 2). In contrast, levels of U-C3M and U-sauC3M gradually decreased from Cluster 3 to 4, and from 4 to 2. With progression of CKD, MMP-9 activity has been shown to decrease 12 . As the investigated COL III degradation fragments in urine are generated by MMP-9, a reduced activity would cause a progressive decline in fragments containing this neo-epitope. In support of our findings, various proteomic studies have shown decreased COL I and III fragments in urine of CKD patients compared to healthy controls [56] [57] [58] [59] [60] . Previous findings by our group showed that levels of urinary C3M is lower in patients with www.nature.com/scientificreports www.nature.com/scientificreports/ IgA nephropathy with increasing CKD stage 25 . Combined with the findings of this study, this suggests that the decrease is a general phenomenon in patients with kidney disease, not linked to a specific underlying etiology. As the pattern of C3M in urine and plasma differs, we speculate that U-C3M could reflect a reduced degradation of COL III specifically in the kidney, whereas P-C3M may reflect systemic changes. If the U-C3M fragments were merely a result of an altered filtration and permeability, we would expect increased U-C3M levels, and gradually decreasing levels of P-C3M. Furthermore, no correlation was observed between U-C3M and P-C3M. If the reduced levels of urinary COL III fragments (U-C3M and U-sauC3M) reflect a local decrease in COL III degradation of the kidney, the clinician may use this to monitor the effect of treatment on the ability to remove accumulating COL III, or to enroll patients for clinical trials that investigate the effect of potential anti-fibrotic treatments on COL III turnover.
Our findings revealed a marked difference in COL IV turnover in CKD patients. The degradation markers of the α1 and α3 chain of COL IV increased in Cluster 4 compared to the other clusters. The marker P-PRO-C4, shown to be correlated to the amount of COL IV and total collagen in rats 16 , decreased significantly in Cluster 2 (advanced CKD patients). Nerlich and co-authors showed a reduced staining for COL IV with a concomitant increase in COL VI during nodular glomerulosclerosis in patients with diabetes 37 . This may partially explain the decrease in the COL IV markers and the concomitant increase in the marker of COL VI formation (PRO-C6) that was observed in our study for patients in clusters with more advanced disease.
Interestingly, many of the collagen degradation fragments that were significantly altered between the identified collagen turnover clusters were not significantly different when patients were stratified based on CKD stages. This may indicate that the identification of patients based on biomarkers of collagen turnover may identify clusters of patients with active disease, and that we are not just stratifying patients based on a static measurement of kidney function.
The strength of the present study is the use of an array of novel, robust assays for assessment of collagen formation and degradation in humans. A limitation of the current study is the cross-sectional design and a relatively small patient number. Because we measured samples from an observational study, we can only hypothesize on any causal relationships between the biomarkers and CKD pathogenesis. Another limitation is that not all assays were applicable for use in both plasma and urine and it is thus not possible to completely characterize the presence of these fragments in both matrices. Finally, the measured collagens are not unique for the renal tissue. Other comorbidities could thus affect the levels of the individual biomarker. However, as histologic studies have shown elevated levels of the investigated collagens in kidney disease, it is likely that the findings, at least partially, reflect alterations to the kidney.
In conclusion, we showed that assessment of collagen turnover can identify subgroups of patients with different collagen turnover and disease severity. Markers of collagen degradation were higher in patients with moderate disease and were lower in advanced disease. Interestingly, only patients in Cluster 2 with advanced disease had an increased COL VI formation/degradation ratio. The markers may be applied and investigated in prospective CKD cohorts to delineate pathological collagen turnover during disease progression. The findings could have wider implications for assigning clinical classification and predicting outcomes, but that is beyond the scope of this work.
Methods
Patient population. We investigated samples from CKD patients enrolled in a cross-sectional observational study. Patients were recruited from the outpatient clinics and departments of nephrology at Herlev Hospital and Rigshospitalet, University of Copenhagen, Denmark. The methodology and baseline data of this study have previously been reported in detail 61 . In brief, 81 patients with CKD were included on the basis of estimated glomerular filtration rate (eGFR) less than 90 mL/min/1.73 m 2 (CKD stages 2-5) and age between 18 and 80 years. eGFR was calculated based on the Modification of Diet in Renal Disease (MDRD) formula 62 . Patients were divided into CKD stages according to eGFR, thus stage 2 represents eGFR 60-89 mL/min/1.73 m 2 , stage 3A: 45-59 mL/ min/1.73 m 2 , stage 3B: 30-44 mL/min/1.73 m 2 ,stage 4: 15-29 mL/min/1.73 m 2 ) and stage 5: <15 mL/min/1.73 m 2 . Exclusion criteria were systolic blood pressure (BP) > 200 mmHg, renal replacement therapy, and ongoing use of immunosuppressive drugs. The cohort consisted of 20 patients with CKD stage 2, 21 patients with CKD stage 3, 22 patients with CKD stage 4, and 18 patients with CKD stage 5. All patients provided written informed consent, and the study was conducted in accordance with the Declaration of Helsinki. The study was approved by the national ethical committee (H-15002269; Center for Sundhed -De Videnskabsetiske Komiteer, Regionsgården, Kongens Vaenge 2, 3400 Hillerød, Denmark).
Sample description and handling. Patients collected 24 h urine the day leading up to the planned visit.
Patients were fasted and samples were drawn before 12.00 (noon) and collected in EDTA-treated tubes. Samples were taken while the patient was seated, after which cells were removed from the plasma by centrifugation for 10 minutes at 1000 x g using a refrigerated centrifuge, aliquoted, and stored at −80 °C. Aliquots used for the current investigation have not been thawed prior to the study.
Biomarkers. All of the utilized enzyme-linked immunosorbent serum assays (ELISAs) are listed in Table 2 .
The assays were measured according to manufacturer instructions (Nordic Bioscience), and all except sauC3M (sandwich ELISA) were competitive ELISAs. Each ELISA plate included kit control samples to monitor inter-assay variation. All samples were measured within the range of the specific assay. All samples below the lower limit of quantification (LLOQ) were assigned the value of LLOQ. Urinary biomarker levels were normalized for urinary creatinine concentration, measured with the QuantiChrom TM Creatinine Assay Kit (Bioassay Systems, Hayward, USA). Samples analyzed for biomarkers in the present study were stored at −80° Celsius.
